In vitro cytotoxicity of tafluprost, which is the most recently developed anti-glaucoma prostaglandin (PG) analog, in ocular surface cells is addressed in comparison with other PG analogs. Irrespective of cell lines and models, the cytotoxicity of anti-glaucoma PG eyedrops was primarily related to the concentration of benzalkonium chloride (BAK) contained in the eyedrops as a preservative. Accordingly, preservative-free tafluprost was apparently less cytotoxic than BAK-preserved PG analogs. Furthermore, our study for cytotoxicity assays on ocular cells, conducted by comprehensive investigations covering a variety of concentrations and treatment times, which is termed the cell viability score (CVS) system, demonstrated that 0.001% BAK-preserved tafluprost was not cytotoxic, and suggested that tafluprost may even reduce the cytotoxic effect of BAK. It has been reported that adverse reactions associated with tafluprost in healthy human volunteers and patients with glaucoma include conjunctival hyperemia, eyelid pigmentation, eyelash bristles, and deepening of upper eyelid sulcus. Nonetheless, most clinical studies have demonstrated that not only preservativefree tafluprost but also BAK-preserved tafluprost is well tolerated and safe in patients with glaucoma and ocular hypertension.
Introduction
It has been considered that elevated intraocular pressure (IOP) is a key risk factor for the progression of glaucoma.
1,2 Prostaglandin (PG) derivatives exert ocular-hypotensive or IOPlowering effects through stimulation of prostanoid receptors, a process which possibly activates signal-transduction systems such as intracellular Ca 2+ and cyclic AMP. [3] [4] [5] Latanoprost, a selective prostanoid FP-receptor agonist, is one of the most potent PGF 2α derivatives for reducing IOP, and thus was successfully developed as an anti-glaucoma agent. 6 Following latanoprost, travoprost and then bimatoprost were launched in the United States and other countries. 7, 8 More recently, tafluprost was developed by screening for prostanoid FP-receptor agonists that might be more potent at inducing IOP reduction while causing fewer or weaker side effects, such as eye color change, which when it occurs is most likely due to an increased amount of melanin within iris stroma melanocytes. 9 Chemical structures of latanoprost, travoprost, bimatoprost, and tafluprost are shown in Figure 1 .
Since PG analogs have shown greater IOP-lowering efficacy than β-adrenergic blockers, 10 they are commonly used as first-line therapy against glaucoma. 11 Among them, tafluprost 0.0015% (Taflotan ® ; Santen Oy, Tampere, Finland) is the most recently released PG analog, being approved in Europe in 2008, then in the US in 2012 for the treatment of elevated IOP in patients with open-angle glaucoma, in addition to ocular hypertension. Tafluprost is also the first preservative-free PG analog commercially available in the US.
The aim of this paper is to give an overview of the preclinical toxicological profiles of tafluprost for ophthalmic use,
Ocular Surface Cytotoxicity and Safety Evaluation of Tafluprost, a Recently Developed Anti-Glaucoma Prostaglandin Analog
including the application of the cell viability score (CVS) system developed by our research group to the cytotoxic evaluation of tafluprost on ocular surface cells. Safety evaluation of the clinically used tafluprost in healthy human volunteers and patients with glaucoma is also reviewed in the paper.
New Fluoroprostaglandin F 2α derivative, tafluprost
The accumulated findings relating to latanoprost and other PGF 2α derivatives have indicated that prostanoid FP-receptor agonists are among the most promising ocular-hypotensive agents. Nakajima et al. tried to find new prostanoid FP-receptor agonists possessing potent ocular-hypotensive effects with minimal side effects by evaluating the agonistic activities of newly synthesized PGF 2α derivatives for the prostanoid FPreceptor both in vitro and in vivo. 9 They examined the iris constrictions induced by the derivatives and their effects on melanin content by using cat isolated iris sphincters and cultured B16 melanoma cells, respectively, and also evaluated the effects of derivative ester forms on miosis and IOP in cats and cynomolgus monkeys, respectively. Based on these examinations, they found that 15,15-difluoroprostaglandin F 2α derivatives, especially tafluprost, have more potent prostanoid FP-receptor agonistic activities than latanoprost. Then Takagi et al. further evaluated the pharmacological characteristics of tafluprost by examining its receptor-binding affinities, IOP-lowering effect, effects on aqueous humor dynamics, and stimulating effect on melanogenesis. 12 They found that tafluprost has a high affinity for the prostanoid FP receptor, has potent IOP-lowering effects in both ocular normotensive and hypertensive monkeys that exceed those of latanoprost, and has less stimulating effect on melanogenesis in melanoma cells. Ota et al. evaluated the effect of tafluprost on mouse IOP, in comparison with three clinically available PG analogs, latanoprost, travoprost, and unoprostone, considering the effect of variations in IOP during 24 h. 13 They demonstrated that tafluprost 0.005% lowered normal mouse IOP more effectively than did latanoprost 0.005%.
In vitro cytotoxicity of tafluprost in ocular surface cells in comparison with that of other PG Analogs Table 1 summarizes in vitro cytotoxicity studies for PG analog ophthalmic solutions in ocular surface cells. [14] [15] [16] [17] [18] [19] [20] Irrespective of cell lines and models, the cytotoxicity of anti-glaucoma PG eyedrops was primarily related to the concentration of benzalkonium chloride (BAK) contained in the eyedrops as a 
. preservative. For instance, Liang et al. demonstrated that cytotoxicity evaluated in a three-dimensional-reconstituted corneal epithelium system was in the order of 0.02% BAK-latanoprost .0.015% BAK-travoprost .0.005% BAK-bimatoprost, in which 0.02% BAK-latanoprost showed the highest cytotoxicity. 17 BAK-bimatoprost and preservative-free (PF) tafluprost did not induce any obvious cytotoxicity. Similarly, Pellinen et al reported that the order of decreasing cytotoxicity in human corneal and conjunctival epithelium was 0.02% BAK-latanoprost $0.015% BAK-travoprost .0.005% BAK-bimatoprost $PF tafluprost. 18 In these studies, tafluprost showed the lowest cytotoxicity among the PG analog eyedrops tested, presumably due to the lack of BAK. Indeed, when BAK-preserved tafluprost was assayed, the cytotoxicity of tafluprost in ocular surface cells was comparable to that of BAK-preserved PG analogs including latanoprost and travoprost. 15, 16 Furthermore, when preservatives other than BAK were used, the degree of cytotoxicity was apparently reduced. For instance, sofZia-or polyquaternium-1-preserved travoprost showed cytotoxicity weaker than that of BAK-preserved travaprost, 15, 16 and sodium benzoate-preserved latanoprost showed cytotoxicity weaker than BAK-preserved latonoprost. 19 The optimal concentration of preservatives is still to be determined from the point of view of ocular surface safety and preservative efficacy, so that we cannot say at the moment whether sofZia, polyquaternium-1 and sodium benzoate are better than BAK as a preservative. Nonetheless, the cytotoxicity of anti-glaucoma PG eyedrops currently available apparently depends on the BAK concentrations.
cell Viability score (cVs) as a Good Indicator of ophthalmic solutions for toxicity in cultured ocular surface cell Lines Cytotoxicity of ophthalmic solutions is a contentious issue because once an ophthalmic solution is applied to the ocular surface, its concentration and drug penetration can change very rapidly. To reflect the actual situation, we have tried to improve cytotoxicity assays for ocular cells by conducting comprehensive investigations covering a variety of concentrations and treatment times, and based on our studies, we proposed the use of a cell viability score (CVS) as a simple parameter to express the cytotoxic potential of ophthalmic solutions. [21] [22] [23] [24] The methods for cell culture, the cytotoxicity assays, and data evaluation are as follows: The following commercially available cell lines were used: SIRC (rabbit corneal epithelium), BCE (bovine corneal epithelial cells), RC-1 (rabbit corneal epithelium) and Chang conjunctiva (human conjunctival cells). After cells reached confluence, the culture medium was replaced with undiluted, twofold diluted and tenfold diluted test solutions, and cell monolayers were incubated in the presence of these solutions for 10, 30, or 60 minutes. After 10, 30, or 60 minutes of incubation, the ophthalmic solutions were replaced with fresh culture medium and the cells incubated for a further 48 h. Cell viability was measured using the MTT (3-(4,5-di-methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, yellow tetrazole) and neutral red assays, and then calculated as a percentage of control cell viability in medium only.
CVS is used to compare the toxicity of test solutions in the following way. The CVS 50 is calculated as the number of measurements indicating $50% viability compared with control. The CVS 40/80 is calculated as: (the number of measurements indicating .80% viability)-(the number of mea surements indicating 40% viability). The total number of measurements becomes 72 (three concentrations, three exposure times, four cell lines, and two assays). Results are expressed as a percentage of all measurements (%CVS). As such, we can evaluate the effects of a range of drug concentrations and exposure times in four commercially available cell lines because, in the clinical situation, the eyes are exposed to various drug-treatment situations. For example, the drug may be concentrated on the eye due to evaporation or decreased drainage, the drug may adsorb on the eye for a prolonged period of time, or the vulnerability to a particular drug may differ among cell types (eg, conjunctival versus corneal epithelial cells).
In our study, 23 the %CVS 40/80 values were obtained to estimate the cytotoxicity of PG analog-containing eyedrops as shown in Table 2 . The %CVS 40/80 of Tapros (Santen, Osaka, Japan) was 99, indicating that the product showed almost no cytotoxic effect, and suggesting that of the five PG analog eyedrops tested, Tapros would be least cytotoxic to ocular surface cells. In addition, the %CVS 40/80 of Tapros was higher than that of 0.001% BAK alone, which was the concentration equal to that contained in Tapros. This means that tafluprost may reduce the cytotoxic effect of BAK. Indeed, it was reported that latanoprost and travoprost have protective effects against BAK toxicity on conjunctiva-derived epithelial cells in vitro, probably related to their antioxidative properties. 25 Thus, as is the case with latanoprost and travoprost, it is highly possible that tafluprost has protective effects against BAK toxicity on ocular surface cells. Further supporting the idea of the cytoprotective effect of tafluprost, it was reported that tafluprost has a protective effect on cultured retinal ganglion cells (RGCs) and rat RGCs in retinas with optic nerve crush. 26 In in vitro study, tafluprost promoted survival and inhibited apoptotic events in serum-deprived and glutamate-exposed RCG-5 cells in a dose-dependent fashion up to 3 µM, suggesting that tafluprost would have a direct anti-apoptotic effect. Regarding the in vivo study in which topically applied tafluprost reduced the number of apoptotic cells and increased the survival of RGCs in rat retinas with optic nerve crush, because lowering normal IOPs might have some effects to protect RGCs, they concluded that one cannot distinguish between a direct neuroprotective effect and the IOP-lowering effect of tafluprost in the in vivo experiments. Yamagishi et al. reported that PG analogs including tafluprost acid exerted an IOP-independent neuroprotective effect, which may be not related to FP receptor stimulation.
27
In vitro and in vivo toxicity studies on tafluprost other than the direct effect on ocular surface cells. Hos et al. evaluated the vascular effects of tafluprost on the healthy and inflamed cornea, because the potential side effects of PG analogs on the normally avascular cornea, the main application route for eye drops, have so far not been fully defined. 28 They conducted in vitro studies, in which blood and lymphatic endothelial cells were treated with tafluprost, and short-term in vivo studies, in which mice with corneal inflammation induced by suture placement received tafluprost eye drops for 1 week. They also assessed proliferation of blood and lymphatic endothelial cells treated with tafluprost in long term in vivo studies in which naive corneas of BALB/c mice were treated with tafluprost eye drops for 4 weeks. They concluded that tafluprost does not affect blood and lymphatic vessel growth, either under resting or under inflammatory conditions, suggesting a safe vascular profile of tafluprost eye drops at the inflammatory neovascularized cornea.
Liang et al. investigated conjunctiva-associated lymphoid tissue (CALT) reactions to anti-glaucoma PGs with or without BAK-preservative in a rabbit acute toxicity study. 29 Their study was based on the evidence that BAK, the most widely used preservative in eye drops, could influence local immune regulation. The studies supporting this showed that: exposure of mouse ears to BAK induced significant B cell activation in the draining lymph nodes, with an increase in the percentage of B220+ cells; 30 and BAK in experimental irritant contact dermatitis induced a state of metabolic activation in a high proportion of epidermal CD1+ Langerhans cells, suggesting that BAK could influence antigen-presenting cells. 31 The results of the study of Liang et al demonstrated that anti-glaucoma PG analog eye drops stimulated inflammatory cell infiltration in the CALT, which seemed to be primarily related to the concentration of their BAK content. They also addressed that these immunoinflammatory changes in CALT may actively participate in the strong inflammatory and apoptotic reactions observed after applications of these BAK containing eye drops. 32 Accordingly, BKA-free tafluprost showed no significant effect on CALT reactions.
safety evaluation of tafluprost in Healthy Volunteers
Sutton et al conducted a phase I placebo-controlled study, in which healthy volunteers received sequentially ascending doses of tafluprost (0.0001%, 0.0005%, 0.0025% and 0.005%) in one eye, and placebo in the other for two days of each treatment with five days between the treatment periods. 33 They concluded that tafluprost was well tolerated and effective in lowering IOP. Uusitalo et al similarly conducted a randomized, investigator-masked, single-center, crossover phase I study to evaluate the pharmacokinetics, efficacy and safety profiles of preserved and preservative-free tafluprost 0.0015% eyedrops in healthy volunteers who received each formulation once/day for eight days. 34 They also concluded that preservative-free tafluprost appeared to have similar pharmacokinetic properties to the preserved formulation and was generally well tolerated.
Mochizuki et al compared the intraocular pressure (IOP) reduction over 24 h achieved with tafluprost 0.0015% with that achieved with latanoprost 0.005%. 35 In their study with 27 healthy volunteers, after a 24-h IOP baseline measurement was taken, one ophthalmic solution was applied to the right eye daily for seven days, and the drug was then withdrawn for two weeks. The other agent was then applied to the left eye in the same manner. Although tafluprost showed a greater IOP reduction in the second half of the 24-h measurement period than latanoprost, tafluprost showed a higher rate of conjunctival hyperemia. That is, the incidence of conjunctival hyperemia with latanoprost was 4/27 (14.8%) and that with tafluprost was 8/27 (29.6%). In their study, since Tapros (with 0.01% BAK) and Xalatan (with 0.02% BAK) were used, incidence of conjunctival hyperemia would not be attributable to BAK. They addressed that latanoprost has been reported to induce conjunctival hyperemia less frequently than other PG agents. [36] [37] [38] 
safety evaluation of tafluprost in Patients with Glaucoma and ocular Hypertension
Adverse reactions occurring around the eyes associated with PG analog treatment are conjunctival hyperemia, eyelash changes, eyelid pigmentation, iris pigmentation, hypertrichosis around the eyes, corneal epithelium disorder, iritis, cystoid macula edema, and deepening of the upper eyelid sulcus (DUES). [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] Inoue et al investigated the frequency of eyelid pigmentation and eyelash bristles after the use of five types of PG analogs including tafluprost. 51 Their study included 250 eyes from 250 patients diagnosed with primary open-angle glaucoma or ocular hypertension who were treated with either latanoprost, travoprost, tafluprost, bimatoprost, or isopropyl unoprostone for more than three months in only one eye. As a result, they demonstrated that the appearance frequency of eyelid pigmentation was similar among the five types of PG analogs studied, and eyelash bristles appeared less frequently with isopropyl unoprostone use.
Inoue's group also examined the frequency of appearance of DUES in Japanese subjects diagnosed with primary open-angle glaucoma or ocular hypertension. 52 They noted that DUES occurred more frequently in the bimatoprost group than in the latanoprost, the tafluprost, and the unoprostone groups. In addition, Maruyama et al investigated the incidence of DUES with topical use of tafluprost in Japanese glaucoma patients. 53 In their prospective and open-label study, 36 primary open-angle glaucoma Japanese patients who had no history of surgery were prescribed 0.0015% topical tafluprost once daily to one eye that had the more severe visual field disorder, and observed during outpatient visits before and at 30, 60, and 90 days after starting treatment. They concluded that, similar to other PG analogs, topical use of tafluprost ophthalmic solution is associated with DUES as a local adverse reaction. The development of DUES is suspected to be related to the lipolytic action of PG analogs as demonstrated by a magnetic resonance imaging study and a histological study. 54, 55 Basic in vitro study also showed that latanoprost, travoprost, tafluprost, and bimatoprost, all of which have high affinity to FP receptors, inhibit differentiation of pre-adipocytes through stimulating FP receptors. 56, 57 However, tafluprost, which has higher affinity to FP receptors than other PG analogs, showed lower incidence of DUES than did bimatoprost in their study. Furthermore, the most recent in vitro study that examined the effects of latanoprost, travoprost, bimatoprost, and tafluprost on pre-adipocyte differentiation reported that bimatoprost has the greatest anti-adipogenic effect, followed by travoprost and tafluprost with similar effects. 58 With all this taken into consideration, Maruyama et al suggested that the incidence of DUES is related to multiple mechanisms. 55 Although some adverse reactions as described above were reported, as is the case with other PG analog eye drops, most of the clinical studies demonstrated that not only preservative-free tafluprost but also BAK-preserved tafluprost is well tolerated, and safe in patients with glaucoma and ocular hypertension. [59] [60] [61] [62] [63] conclusion Discomfort due to medications for glaucoma, which is a chronic disease requiring lifelong treatment, may affect patients' quality of life and may cause poor compliance, leading to poor intraocular pressure control. Preparations with lower BAK concentrations, preservative-free preparations and alternative preservatives have been developed to reduce the side effects of long-term treatment. Tafluprost, launched on the ophthalmic market in 2008, is a new PG analog, 15,15-difluoroprostaglandin F 2α , for the treatment of glaucoma and ocular hypertension, and recently not only tafluprost preserved with a low concentration of BAK but also BAK-free tafluprost has become clinically available.
Our studies using CVS, and other recent studies, appear to show that the in vitro cytotoxicity of anti-glaucoma PG eyedrops in ocular surface cells is primarily related to the concentration of BAK contained in the eyedrops. Accordingly, preservative-free tafluprost and low concentration of BAK (0.001%)-preserved tafluprost are less toxic than other BAKpreserved PG analogs clinically available.
Besides the in vitro cytotoxic studies, the safety and IOPlowering efficacy of tafluprost has been demonstrated in various preclinical and clinical studies.
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